Abstract-Molecular beam epitaxy (MBE) has been widely used to grow epitaxial films, particularly when precise control over the epitaxial layer thickness or abrupt junctions are required. However, oval defects have been found in MBE-grown latticemismatched InGaAsIGaAs heterostructures. These act as a primary source of misfit dislocation generation. As a result, it is essential to understand the nature of these oval defects. In this study, we investigate the nature of oval defects using cathodoluminescence (CL) and wavelength dispersive x-ray spectroscopy (WDS).
I. INTRODUCTION
MBE allows precise control over the epitaxial layer thickness and can form abrupt junctions. However, when MBE is used to grow GaAs and related heterostructures, macroscopic defects known as oval defects [l] are often observed on the grown layer surface. Oval defects have been studied over the past two decades by many groups in order to determine their properties and origin. Fujiwara et a1 [2] classified oval defects into two main types: those without macroscopic core particulates (known as c1 defects) and those with core particulates (p defects). In our early work on TEM investigations of oval defects [3, 4] we showed that these defects are a primary source of misfit dislocations. As a result, oval defects can significantly degrade both electrical and optoelectronic properties of devices and so it is essential to understand their nature.
Studies involving the origin of oval defects have identified three nucleation mechanisms: (1) gallium spitting from the gallium crucible [l] (2) the formation of gallium oxides on the surface [5, 6, 7] and (3) substrate contamination [8, 9] . Those studies concentrated mainly on the GaAs system. So far, no detailed investigation of oval defects in InGaAs/GaAs heterostructures has been reported. In this paper, we demonstrate investigations of the nature of oval defects in Ino.aGa,,96As/GaAs heterostructures using CL and WDS.
EXPERIMENTAL
A series of wedge shaped samples of In,Ga,.,As/GaAs (x = 0.04) single strained-layer heterostructures were grown by MBE with a low threading dislocation density in the GaAs substrates (500 cm-*). The substrates were thermally cleaned under an arsenic flux at 650°C. A GaAs buffer layer of 0.25 pm was grown at a temperature of 600°C followed by the growth of the epitaxial layers with a growth rate of 1 pm/h in an arsenic stabilised atmosphere at a growth temperature of 520°C. The substrates were not rotated during growth and were oriented with the long axis of the 30 nm x 7.5 mm strips along the locus of the two furnaces to ensure that the thickness of the wedge varied but that the 1n:Ga ratio remained constant. The resulting wedges have an approximately linear thickness gradient ranging from 20 nm to 1 pm, this range was chosen so that all stages of lattice relaxation from below the critical thickness to the totally relaxed structure could be studied. The samples provide a unique opportunity to investigate various stages of misfit dislocation formation.
RESULTS AND ANALYSIS
CL and WDS experiments were performed on a JEOL 35C scanning electron microscope operated at 10 keV and 25 keV, respectively. CL experiments were carried out at approximately 5K on an Oxford Instruments MonoCL imaging system. All CL spectra were corrected for the system response. A Microspec four crystal, fully focussing WDS system was used to determine the compositional distribution around the oval defects.
A detailed study of over 20 oval defects was performed. It was found that all the ovals were aligned in the same cl 10> orientation and ranged in length from 10 to 50 pm although no correlation between oval defect length and sample thickness was observed. The average distance between oval defects is hundreds of microns so no interaction between 0-7803-4513-4/99/$10.00 0 1999 IEEE defects is likely. Fig. l(a) is a panchromatic CL image of an oval defect. Two orthogonal dark bands can be clearly seen running parallel to two <110> directions, across the centre of the defect. In our previous work [4] we showed that the two bands represent a high density of misfit dislocations which originate from the centre of the oval defect. Also seen in Figure l(a) is a luminescent halo surrounding the oval defect. This phenomenon was observed for most of the oval defects studied.
In order to identify the origin of the luminescent halo, CL spectroscopy was performed. Fig. l(b) is a CL spectrum taken from the region of the oval defect shown in Figure l(a) . In this spectrum three peaks are seen; a small peak at around 820 nm, a sharp peak at around 845 nm and a broad peak centred around 870 nm. The position of the peaks in the CL spectrum depends on the bandgap of the material being examined. Based on bandgap calculations [lo] the 820 nm peak was attributed to GaAs and the 848 nm peak was assigned to the Ino.MGa,,96As layer. It was determined, using monochromatic CL imaging that the broad peak centred at 870 nm was due to the luminescent halo. A WDS spectrum was taken in the vicinity of the oval defect over all wavelengths. This spectrum showed only three elements to be present: indium, gallium and arsenic. WDS mapping using the wavelengths for each of the three elements was then carried out. Fig. 2(a) shows a secondary electron image of an oval defect. The In and Ga maps taken from the same oval defect are shown in Figs. 2(b) and 2(c) respectively. In these images high contrast corresponds to a high concentration of the element. It is seen that at the centre of the oval defect there is a high concentration of indium and a low concentration of gallium. The arsenic map showed little difference in concentration across the whole region. These results indicate that the central region of the oval defect studied is rich in indium and depleted of gallium. Detailed investigations showed that this phenomenon exists commonly in the oval defects studied.
To investigate the relationship between the broad CL peak and the halo region, we studied oval defects using the CL technique in spot mode. A series of spot mode CL spectra were obtained, starting from the centre of the oval and moving outwards with a spatial increment of 10 pm. As expected the spectrum taken from the centre of the defect shows only noise. As an example, Figure 3 shows four selected monochromatic CL images. Their corresponding CL spectra are shown in Fig. 3(e) . The results show that as the beam is moved from the centre of the oval defect towards the outer edge the peak due to the halo shifts to shorter wavelengths. When the outer edge of the halo is studied the halo peak merges with the peak due to the InGaAs layer. These results suggest that the halo consists of InGaAs material which has a higher indium concentration than material away from the oval defect. When bandgap calculations are performed it can be seen that the CL peak moves from an indium rich position to a position consistent with the bulk material.
From these results, it is concluded that an indium particulate exists at the core of the oval defect and that the halo contains InGaAs with concentrations of indium decreasing until the bulk concentration is reached. Both the CL and the WDS results support this theory. It is worth mentioning that Bailey and Steeds [ 1 I] have found similar CL spectra in an AlGaAdGaAs heterostructure using a CL system attached to a transmission electron microscope. They claimed that the broad peak seen is related to an electron to acceptor state transition due to impurities, although no particular impurity was identified. 
IV. CONCLUSION
In conclusion, CL and WDS have been used to determine the nature of oval defects in InGaAdGaAs strained-layer heterostructures grown by MBE. In all the ovals defects studied, it was found that an indium particle existed at the centre of each of the oval defects. Around the indium particle, a relatively high indium concentration was observed, and this region produces a broad CL emission at a longer wavelength than that emitted from the bulk material.
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